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sensing and netering. Mass flow controllers that operate on heat 10
transfer principles have been wi deI y adated in the industry. A conmon
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ot her.sThe ceékthodesefbor npdrbhtdmg a mass flow controller (MFC) and,

more specifically, to systems and methods for measuring
mass flow within a mass flow controller by sensing the
resistance change of a sense resistor or resistors in

response to gas flow.



nmetallic material having a resistance that is tenperature sensn' Fi }{@g 2‘5%
coils are heated by an electrical circuit 1in a bridge-type electr I
circuit wWadspBbated into a 20 sensor to provide equal re®cINEsIce2sn t he
absence of gas flow and hence a bal ance condition for the bridge-type
circuit, i.e., a null output signal. When gas flows within the capillary
tube, the cool incomng gas is warned as it flows past the upstream 25

el enent, and this warner gas then flows past the downstream el enent,
resulting in differential cooling of theztwo elenents. The difference in
tenperature is proportional to the nunmber of nolecules per unit tinme
flowi ng through the capillary tube. Based on the known 30 variation of the
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t enper at ur e, € output sig idge circuit can provide a neasure
of the gas nass f Many hamevBrctyring mrdcamsss e Seasohei Alewlf age
circuits have certain undesirable characteristics. 5 First, prior art

circuits conprOESE ERESUSR BT Uity e @l k9 cui Toi §osPApl §h8ri vi ng
the sensing gaMllss MRAUSA L NAYed NA WP M@NGes. LA Rakal  8Lowi th the

sensing eleménts for trimmng the circuit output to zero ts with zero
fl ow. By doi mgsso flicheycaunrbiese sdresd lappaaentf Joavnratet b€ segaer.

Sensor gain is.traded aff for controllability of zero-volt/zero-flow
condi i ons. STESEGALIY HRREIHH G} R 1TIRE £ LHESsBReBFesBH put . | 1
too nmany inpedancae @f nHERNASHRD! @l er gas flow to adjust the

mass flow rate as desired based on such sensing and

metering. Mass flow controllers that operate on heat
10 transfer principles have been widely adapted in the
industry.

A common form of mass flow sensor for a gas
incorporates a small diameter tube (a capillary tube)
having two coils of wire wound on the outside in close

15 proximity to each other, with one coil being positioned
upstream of the other. The coils are formed from
metallic material having a resistance that is temperature
sensitive. The coils are heated by an electrical circuit
in a bridge-type electrical circuit incorporated into a

20 sensor to proﬁide equal resistance in the absence of gas
flow and hence a balance condition for the bridge-type
circuit, i.e., a null output signal.

When gas flows within the capillary tube, the cool
incoming gas is warmed as it flows past the upstream

25 element, and this warmer gas then flows past the
downstream element, resulting in differential cooling of
the two elements. The difference in temperature is
proportional to the number of molecules per unit time
flowing through the capillary tube. Based on the known

30 variation of the resistance of the coils with



are placed in parallel with the sense resistors, they 15 degrag$ Uhﬁ WW“
maxi mum si gnal voltage that can be derived fromthe sense resrstors
responsewpatiohss. Secondly, in prior art circuits the relariusoshzg: bet ween
t he out put voltage (which is proportional to flow) and the difference

bet ween the upstream and 20 downstream sense el enents i s nonlinear, which
s an undesirable feature -of the prior art. Because the typical resistance
val ues placed in parallel with the upstream and downstream sense el enents
are not significantly larger than the regi stance values of the 25 sense

el ements, the non-linearity in the relationship between the sense elenents
and the output voltage is not negligible. Furthernore, prior art circuits

require a lar of Ificatio ypically. on.the order, of _a 35-
50770 gain T SeTme R bt A e 1Phat 8 ot P Rae oo BF ke 2658 wo
01/ 04580 PCT/d3%¥ d) 25 2mda s ek caft i diee afad heagastIbow. This requires
additional «circuitry and conplexity. These prior art circuits require
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poi nt of the upstream and downstream sense el enents I ncréeases the |[|oss of
sensor Sout putFiaret t hertor cart cioneditearompyrorisée hehe pdeat aituetionits

are designed to be calibrated manually. using a gain control_ potentioneters
10 (pots). I (3 RLTRHEE 767 G B YY S DY PT D Rontiros one 'a%geepgsadj ust ed

nmanual |y by 2 QRedatOhedSil @le resistances in parallel with the

sensing elements for trimming the circuit output to zero
volts with zero flow. By doing so, they compromise the

10 apparent gain of the sensor. Sensor gain is traded off
for controllability of zero-volt/zero-flow conditions.
It is normally undesirable to attenuate the sensor
output. If too many impedances of commensurable value
are placed in parallel with the sense resistors, they

15 degrade the maximum signal voltage that can be derived
from the sense resistors in response to flow.

Secondly, in prior art circuits the relationship
between the output voltage (which is proporticnal to
flow) and the difference between the upstream and

20 downstream sense elements is nonlinear, which is an
undesirable feature of the prior art. Because the
typical resistance values placed in parallel with the
upstream and downstream sense elements are not
significantly larger than the resistance values of the

25 sense elements, the non-linearity in the relationship
between the sense elements and the output voltage is not
negligible.

Furthermore, prior art circuits regquire a large
amount of amplification, typically on the order of a 35-

30 70 gain factor, to produce a zeroc to five-volt output




molt neter. This results in increased circuitry and conplexité as wel |
a greater opportunity for inaccurate mass flow values due to 6 AN Eﬂw}he

gai n angyd p/gge® control devices (potentioneters). Prior ggrakbigidkis are
al so susceptible to anbient tenperature deviations comon to both sense

el ements. Because prior art mass flow sensing circuits are essentially
vol tage dividers that can be arbitrarily 20 trinmed to zero out put by neans
of a virtual ground and variable resistors, any anbi ent tenperature change
will be reflected in the circuit output yoltage. This occurs because
prior art systens conpare the absolute change in the resistance of the
sense resistors. In such a case, 25 even if both elenents are cool ed or
heat ed equal |y, the absol ute resistance change in each will |ikely be
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very high internal |
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100 of Fl GUREhe vosginsas @ind iosestseeah chemss, e Rememts RDicrgasee thase
el ement s arelused tos%%gg%tggiﬁgg flgv%ﬁgdcircuit non-linearity.
Further, prior art circuits are designed to be
calibrated manually using a gain control potentiometers
10 (pots). In addition, the zero-volt/zero-flow condition
also is adjusted manually by an operator using a
1ig results in increased circuitry and
complexity as well as a greater opportunity for
inaccurate mass flow values due to drift in the gain and
15 zero control devices (potentiometers).

Prior art circuits are also susceptible to ambient
temperature deviations common to both sense elements.
Because prior art mass flow sensing circuits are
essentially voltage dividers that can be arbitrarily

20 trimmed to zero output by means of a virtual ground and
variable resistors, any ambient temperature change will
be reflected in the circuit output voltage. This occurs
because prior art systems compare the absolute change in
the resistance of the sense resistors. In such a case,

25 even if both elements are coocled or heated equally, the

absolute resistance change in each will likely be
different.

FIGURE 1 shows the basic topology of a prior art.
flow sensing bridge circuit 100. Flow sensing bridge

30 circuit 100 is a modified Wheatstone bridge driven by an



10 are representative of the respective dynam c resistance val ugsg O‘WQ?I*
upstream and downstream sensor coils wound on the outside of the capi 9
tube; Rwaoepsasents the~ upstream sense el enent and RD r epgggefidpéne
downstream sense el enent. The upstream sensor coil is cooled nore 15 by
the gas stream fl ow than the downstream sensor coil, therefore the

resi stance value of RUiIs less than that of RD. Wth no gas flow, Ru is
equal to RD and the bridge is balanced by neans of variable resistor RV1.
Under nonzero flow conditions, prior art I ow sensing bridge 20 circuit
100 out put voltage eout 30 is given by Equatlon 1 below. As shown by
Equation 1, the relationship between output voltage eoti,t 30 and (RU -

RD) is nonline RDR, "~ RUR? €o =25 (RV +RD 1+RsR R2 + +R2 P [ EQN.
1])The ot her ”df%ﬁﬁcgc%’fr?ﬁﬂbv\?%‘)éﬁg?nﬁgbri 8‘5 géﬁ?&uﬂlmﬁﬁ@t FREE ﬁeésr esi sEors

R8, R9 and vaii bl e &L£5ted Oby RYlvedt: emgﬁpeﬁea%ayahmﬁee&n\éarI ghlkenresistor
RV1is only a snall 0 6 JAN %004 01/ 04580 PCT/ US007 40252 6 fraction of
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resistg R8 auhtfituPoshpehy oth¥ashmbl eukeshst ﬁégRyalees biiethesi stor R8
side of variable resistor RV1's w per
voltage drop across the load.
One branch of prior art flow sensing bridge circuit
100 of FIGURE 1 consists of two sense elements, Ry and Rp.
These sense elements are used to sense the gas flow and
10 are representative of the respective dynamic resistance
values of the upstream and downstream sensor coils wound
on the cutside ©
upstream sense element and Rp represents the downstream
sense element. The upstream senscor coil is cooled more
15 by the gas stream flow than the downstream sensor coil,
therefore the resistance value of Ry is less than that of
Rp. With no gas flow, Ry is egual to Rp and the bridge is
balanced by means of variable resistor RV1. Under
nonzerc flow conditions, prior art flow sensing bridge
20 circuit 100 output voltage e, 30 is given by Equation 1
below. As shown by Equation 1, the relationship between

output voltage ey 30 and (Ry - Rp} is nonlinear.

e = (RDRl _'RURI). [EQN- 1]

(R, +RD{1+5L;—R§-J+(R, +R,)

P

25
The other branch of flow sensing bridge circuit 100
includes resistors R8, R9 and variable resistor RV1l. The

impedance value of variable resistor RV1 is only a small



arm and resistance value R2 represents the conbined value of grgasjA?\k ?ﬂﬂlng
and the portion of variable resistor RVl on the resistor RO side o

vari abl ewicegioatsr RV1's 10 wiper arm Typically, the val ugs—pisfgisgafnd R2
are about eight tines as large as those of sense resistors Ru ang RD.
resist-or RPis COnneClC-ed in Parallel with sense resistors RU and RD and
resistors R8 and R9. The.value of Rp is about four tines as |large as that
of RL 15 and R2. The non-linearity of the circuit is therefore
non-negligible. As can be seen in Equation 1 above, the relationship

bet ween out put voltage eon. 30 and sense elenment resistances Ru and RD is
I nherently non-linear. 20 Additionally, Resistors RV1, R38, RO and Rp
connected in_parallel with sense elenents RD and_RD reduce the effect of
sense el enentiE aqF 3 D tRechpriyest Ré ERELPECERr REi 8ndcBfr-entVaghditi® run

SR, ST AL UL BB U8 PR SR

FIGURE 1 therefore denonstrates e non-linear cC
the prior amriaggevetirasit he0oeducthan ontputpubluebeage,.eqlt is3Gerc.
resulting frogmthe use ofae{esi stances in Earal lel with _sense elenments Ru

and RD. Fl CURES$ERCHoYR et Bt | €APFESFREENEEE| BA™BERLAe Va3 e Sfor art

fl ow sensi ng Jyd dgec£1 8¢ Uhhd 108 OhoEt GURFo1 vYE; 914 Q4280 5 £eQ .0 pIAN 7004
PCT/ USO0/ 40252 i ndi vi dual conponents of ideal current source 20 are shown

in detail. Théreanpesiskler oR8tdedeurfenarapbleedesdstblroRVidsiwigear i dge

circuit 100ié%ﬁﬂ“%ﬁé”%§§k£@é§be value R2 represents the combined
value of resistor RY9 and the portion of variable resistor
RV1 on the resistor R9 side of variable resistor RVl‘s

10 wiper arm. Typically, the values of Rl and R2 are about
eight times as large as those of sense resistors Ry and
Rp. Additiomally, resistor Rp is connected in parallel
with sense resistors Ry and Rp and resistors R8 and R9.
The value of Ry is about four times as large as that of Rl

15 and R2. The non-linearity of the circuit is therefore
non-negligible.

As can be seen in Equation 1 above, the relationship
between output voltage eg,: 30 and sense element
resistances Ry and Rp is inherently non-linear.

20 Additionally, Resistors RV1, R8, R9 and R, connected in
parallel with sense elements Ry and Rp reduce the effect
of sense elements Ry and Rpy. Ideally, the entire circuit
current should run through sense elements Ry and Rp to
obtain the maximum output signal. FIGURE 1 therefore

25 demonstrates both the non-linear charactéristics of the
prior art as well as the reduction in output voltage egu
30 resulting from the use of resistances in parallel with
sense elements Ry and Rp.

FIGURE 2 is a more detailed representation of the

30 prior art flow sensing bridge circuit 100 of FIGURE 1.




vol tage derived fromreference voltage source (+5 Vref) 5 32 applied across
resistor R100. The wi per of variable resistor RVl provides a(vi rJANR(04
ground wondwoakgoed by neans of operational anplifier U3 awgribs@neisst or Q.
Capacitor C provides stabilizing feedback (I ag conpensation). The bridge
output voltage is filtered by 10 resistor Rl1 and capacitor C2. The filter
conprised of resistor RL1 and capacitor C2 provides a -3 DB cut-off
oximately equal to 600 Hz. e 30 rs the irecueiac app=v Lkkca~.~.', .j Q1L
filtered output voltage. +5V reference vojtage 32 is inverted by neans of
15 operational anplifier UL to becone -5 volt. The -5 volt output of
operational anplifier Ul is conpared to the voltage drop across resistor

R200. Most t ab]l the - 5 volt output; of operational anplifier Ul is
scaled_domnnﬁ?%iﬁgEBﬁE $TW§9?§“&5I9fn6§FﬁéIC_ rFﬁ%’&ﬁPﬁﬁngﬁ #3 “oper at i onal
anplifier UWshdlhheHohetBg10ut pe ahiplopakat bgnahaamMlddfdfr ddbliied el
exactly 1.2775 volts, it causes transistor QL to control the current
through refékeviceenresnst bripgeamdrenatr a0 o AW sEdsichd@E dge circuit
100 in such [.O ] t 0 r.ap [ 0SS resist qual s

t he scal ed d%%%éég%uge%P@%ﬁe@?§% &%?%?Fg'%rgﬁég%%ﬁhfgﬁnﬁﬁ% %géﬁgggﬁled down

and i reert ed:2 byppheedt heraksanplsiikitet HADO . Thatef ariggert e draafl are0SS
reference resistor Re, which ¢can be a 100 kil o-ohm resistar,.is a
preci sion 1.129%598}'t3véoﬁ§861'&9ﬁt5| ¢ VEREUSd SIERT IR G ence

resistor R 4i8ade- dfSoperltforah 2034 11011134380 RCHASAVA0ZR2 8

Capacitor Cl provides stabilizing feedback (lag
compensation). The bridge output voltage is filtered by

10 resistor R11l and capacitor C2. The filter comprised of
resistor R11l and capacitor C2 provides a -3 DB cut-off
frequency approximately egqual to 600 Hz. eg 20 is the
filtered output voltage.

+5V reference voltage 32 is inverted by means of

15 operational amplifier Ul to become -5 volt. The -5 volt
output of operational amplifier Ul is compared to the
voltage drop across resistor R200. Most notably, the -
5 volt output of operational amplifier Ul is scaled down
to become +1.2775 volt nominal at the output of

20 operational amplifier U2. Although the cutput of
operational amplifier U2 is not exactly 1.2775 volts, it
causes transistor Q1 to control the current through
reference resistor R; and the rest of flow sensing bridge
circuit 100 in such a fashion that the voltage drop

25 across resistor R9 equals the scaled down value of the -5
volt reference (which has been scaled down and inverted
by operatiocnal amplifier U2). Therefore, the drop across
reference resistor Rg, which can be a 160 kilo-ohm
resistor, is a precision 1.2775 volt. Consequently, the

30 current through reference resistor Ry is 12.775 mA



nom nal. The remaining resistors in FIGURE 2 are all 1% re5| 5 9" 3AN 3@94R4
R5, R6, R7, R10, Rl12, and R14, as well as the other resistors previo

ment i onewd oi/0i880 current source 20 provides a constant cupgerisoe/s28pOuUr ce
regardl ess of the |oad being driven by the <circuit. This is because the
feedback control circuit conprised of operational anplifier U2, transistor
Q, current reference resistor Rr and scaling conponents R3, R4, R6 and
R7, maintains the voltage drop across current 10 reference resistor Rr at
1.2775 volt nomnal. As long as the cirguit paraneters remain within the

| i near operating range of conponent valuuec , the table of the current .r
through current reference resistor Rr will remain a precisely controlled

and constant_val ue. 1 e I edanc s dr % i_ deal_.current
source such ré%mtrha:jt' i %@éﬁgg#gﬂ Fﬁg s% t ng%@l‘f%ﬁ% ﬁrgenflﬁ ¢%0 be
used for furtdeisybOsessrRAg, R&nogberRsyomagmoef Rrencerds meeded for the
signal processing anplifier. The voltage reference in the prior art 20

circuit |s[ﬂQﬂAcﬁﬁi%ﬁevﬁﬁhﬁﬁléeﬁé§F§F6rPFﬁYlo¢ﬁéY m@ﬂﬁﬂﬂﬂqiﬁerence can
ei ther be actual 4 é’iréﬁ@{enf sELEGH! ré@ g’% Enjt W tlf}__% the

grounding at the w per armof varia Ie r SIS represen
t ot al Isy undedounare czregam:rtﬂleﬁé dhether toatl baﬁmgl slh:ﬁg'e@pejwtﬂhmal anpli f I er
U3 and transjstor ﬁéoduces a virtu grou at varlable resistor RVI1.

The virtual Yot is bﬂu%ﬁdbﬁ9au68nﬁgﬁlﬁ§e B SFolCPRGE At AFEWitper of
RVl to grou% t§éﬁ'§£ %e%@&@ﬁélthhﬁﬁlh@%} @@det‘% anReRdd qnal 30

anplifier he out put operational "anmplifier
current reference resistor R, and scallng comporents R3,

R4, R6 and R7, maintains the veltage drop across current
10 reference resistor R, at 1.2775 volt nominal. As long as

the circuit parameters remain within the linear operating
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through current reference resistor R, will remain a
precisely controlled and constant value.

15 When any impedance is driven by an ideal current
source such as that in FIGURE 2 and the resulting output
signal is to be used for further processing, another
voltage reference is needed for the signal processing
amplifier. The voltage reference in the prior art

20 circuit is provided by variable resistor RV1. The
voltage reference can either be actual or virtual. A
circuit as shown in FIGURE 1 without the grounding at the
wiper arm of variable resistor RV1 would represent a
totally undefined circuit.

25 The circuit comprising operational amplifier U3 and
transistor Q2 produces a virtual ground at variable
resistor RV1. The virtual ground is produced by
comparing the voltage at the wiper cof RV1 to ground
potential at the positive input node of operational

30 amplifier U3. The output of operational amplifier U3



0 6 JAN 2004 WO 01/04580 9 PCT/ US00/ 40252 drives transistor Q2 and is

controlled in such a fashion as to reduce to zero the voItagd]ﬁeﬂAHeﬁMﬁhe
positive and the negative nodes of operational anplifier U3. Operational
anmpl i fi eW®WPAIBal |y have an open loop 5 gain factor of XGIHEEPAOZSZom ten
thousand tinmes toa mllion tinmes, referred to as the differential node
vol tage. ldeally, the w per potential at variable resistor RVl1 is
mai nt ai ned at zero volts. The deviation fromzero is small so as to be
negligible. Flow sensing 10 bridge circuit 100 voltage is thus referenced
to zero volts. The output of flow senging bridge circuit 100 is taken at
the junction of upstream and downstream fl ow sense resistors Rv and RD.
When flow sensing bridge 15 circuit 100 is bal anced at zero flow by neans

of variablg iﬁggiﬁkg%sgglortbg 2801 ¥OLbagehhala e sheiata tiweshiiquer  of
vari abl e r®&t5Yor IS mrrored over to the junctign of sense el enents
Ru and RD, aghis fedtiseetbszemoi ther ¥ni tagcopatveest aNRRR St Hife El:}?‘fdge.
However, when the 2Q bal ance is offsef. u r£Sirpf ance val ue of
upst r eam stR8engEMENE RE SECBEEQIJ?FTS}':I:L%%%%%%I%]{%1%3@1 ance val ue of
downst r eam sensg, al-aw8 Bl aRDamphiilfe etrize tygtilearl Iy drece odn foman sker® ng bri dge
circuit 100 nainPains Its previous set bal ance, th deviation fromthe

bal apced 2§ashafecwior ofaanhabere £F0M £&TH AR Vol TEhetC d 30.

o109 64 18 FLGAE LS vl Sl dipesncareislapnaee | ol uded for
voltage. Ideally, the wiper potential at variable
resistor RVl is maintained at zero volts. The deviation
from zero is small so as to be negligible. Flow sensing

10 bridge circuit 100 voltage is thus referenced to zexo
volts.

The output of flow sensing bridge circuit 100 is
taken at the junction of upstream and downstream flow
sense resistors Ry and Rp. When flow sensing bridge

15 circuit 100 is balanced at zero flow by means of variable
resistor RV1l, the zero voltage that exists at the wiper
of variable resistor RV1 is mirrored over to the junction
of sense elements Ry and Rp; this feature is an inherent
property of a Wheatstone bridge. However, when the

20 balance is offset because the resistance value of

| upstream sense element Ry becomes smaller than the
resistance value of downstream sense element Rp, while the
other branch of flow sensing bridge circuit 100 maintains
its previous set balance, the deviation from the balanced

25 state will manifest itself as an output voltage, eour 30.

Referring back to FIGURE 1, some typical impedance

values are included for R1 and R2, which are individually
about 4.07 k€. Resistors R8 and R9 are individually 4.02

k() resistors and variable resistor RV1 is 100 Q. 1If the

30 circuit is perfectly balanced and equal, 50 Q of RVl are




about 4.07 kS1. Resistors R8 and RO are individually 4.02 k-Qresistors
and variable resistor RVI is 100 0. If the 30 circuit is perfecflfy JAN 2ibed
and equal, 50 S2 of RV1 are 0 6 JAN 2004 10 apportioned to R8 and 50 Qto
R9, hence the 4.07 kQvalue for RlL and R2. RP is typically about 17.4 kS2
and sense elenents RO and RD individually are about 500 Q at wor ki ng
tenperature. 5 1t is to be realized that one purpose of the current
fl owi ng through sense elenments RO and RDis to heat them up so that gas
flow can differentially cool sense elenents R and RD, thus sensing gas
flow. However, inpedances RL and R2 arelénly about eight tinmes the val ue
10 of RU and RD, hence their shunting effect is non- negligible, and in
fact is quite large. The shunting effect is alimtation of prior art
circuits becapperittoncedteenst Redvaloue ofo aud pue vl tage gowd 39. L her
prior art systens are described, for exanple, 15 in the follow ng
publ i cat i ons foPCRIPatnenR2AppR,casi bppinabber ab@:041 0934400y riovle et al .,
dated Cctober 16, 1992; Us Patent Application Nunber 5,668,313 by Dieter
et al., dat&deneptenberand, RdggriFrarmchl PatentaiMuntber00 22451, 922k byig
Oner a, datedtg%tober 3, 1990; and PCT Patent 20 Application nunber WO 91
19959 by Doyl & Pgafel Becenber 26, 1991. 0 6 JAN 2004 11 SUMMARY OF THE
| NVENTEON A need exi 3&S thobeatebIRreWed hBRSSnkl PWrbRker ,2C8 heCid Gy, rand

correspondin% met hod that provides the
lowing through sense elements Ry and Rp is to heat them

up so that gas flow can differentially cool sense
elements Ry and Rp, thus sensing gas flow. However,
impedances Rl and R2 are only about eight times the value

10 of Ry and Rp, hence their shunting effect is non-
negligible, and in fact is quite large. The shunting
effect is a limitation of pricr art circuits because it
reduces the value of output voltage equwe 30. |

Other prior art systems are described, for example,

15 in the following publications: PCT Patent Application
number WO 94 09344 by Doyle et al., dated October 16,
1832; Us Patent Application Number 5,668,313 by Dieter et
al., dated September 16, 1997; French Patent Number
2,451,022 by Onera, dated October 3, 1990; and PCT Patent

20 Application number WO 91 19959 by Doyle, dated December
26, 1991.



capability to increase sensor output voltage and 5 elim nate t%qagﬁgﬁ?oﬁqt
probl ens associated with output signal reduction by providing~a

smal l er shunting effect. This can be acconplished by using very |arge
resi stances connected in parallel with the upstream and downstream sense
el enments, and thereby increase the 10 overall effectiveness of the ideal
current source. A further need exists for an inproved mass flow sensor
interface circuit and corresponding nethod that elimnates the
non-linearity existing in prior art mass__flow sensor interface circuits.
By using nuch |arger 15 resistances in péﬁallel with the sense el enents,
the non- linearity effect can be greatly reduced fromthe prior art
circuit. An even further need exists for an inproved nmass flow sensor

i nterface ci R 13 SpHYEHiTI@NTet hod 20 that elimnates the need to

manual |y cal i brat circuit ing _zero and gai n adjustnments, thereby
elimnating the dgi%gggrg ﬁ5§§ §§§o%ﬁaﬁ@@§ﬁv FﬁéspﬁLﬂw iayterdiacgui try due

to tenperatucérandtabse cedteispgnkieg $RR%IGH Ynky 9 Milyatign which is
nore likely to affect 25 the adjustgble resistors% i%?%%rﬁ&% a stil

further needcé??§9%i¢§rt&n?“FEﬁﬁé@e@eﬂ§§$ Pluswusensdrt siget emfcace circuit and
Changes and CRorehy Sl ArnBrag  RE 36 BIRrasarE ar e Fhat SsFahoc, al og
with prior asig08llABdRE4ib2 bivr pubtsdiFli 3 hecespegilakly sadwantageous if
the olreul kLR Do B 2Pl B L RSl EhRo " aesng veay lar
ge
resistances connected in parallel with the upstream and
downstream sense elements, and thereby increase the
10 overall effectiveness of the ideal current source.
A further need exists for an improved mass flow
sensor interface circuit and corresponding method that
eliminates the non-linearity existing in prior art mass
flow sensor interface circuits. By using much larger
15 resistances in paralilel with the sense elements, the non-
linearity effect can be greatly reduced from the pricr
art circuit.
An even further need exists for an improved mass
flow sensor interface circuit and corresponding method
20 that eliminates the need to manually calibrate the
circuit using zero and gain adjustments, thereby
eliminating the drift problems associated with the prior
art circuitry due to temperature and also reducing the
sensitivity tec vibration which is more likely to affect
25 the adjustable resistors.
Similarly, a still further need exists for an
improved mass flow senscr interface circuit and
corresponding methed that is inherently insensitive to

ambient temperature changes and thereby eliminates the

30 temperature drift prcoblems associated with pricr art



anbient tenperature is likely to change. An even further need hébfa@ﬁr an
i nproved mass 5 flow sensor interface circuit and correspondiﬁgiX h

that does not require a |large degree of anplification of +the circuit

out put voltage to produce a signal indicative of gas flow, and that thus
elimnates the need to further process the output voltage signal through
an anplifier 10 wwth a nuch | arger input inpedance than the bridge

i npedances. in accordance with the present invention, a mass flow sensor
interface circuit and correspondi ng neth is provided that substantially
el imnates or reduces the 15 di sadvant ag and probl ens associated with
previously devel oped nass flow sensor interface circuits. In particular,
the present invention provides an inproved mass flow sensor interface
circuit and Btdd YSor deHs g ik aisdslyr ity aressySdwow ratteof a gas to

provide an 2@;utpyt..val ortional. to the gas flowrate in a nass
f1ow control ler. The Or'er% g%gé%;rgo%serfalt&ﬁasléhsa& SIS €3S ediareof  the
pr esent inveﬁmbd@D¢OWEMQﬁﬂiﬁmﬂﬂlﬂﬁﬂﬂiﬂéﬁy&ﬁﬁ%ﬂﬁ@mﬁﬂd nmeasuring the mass

flowrate of a ga tovprovide an 25 output signal “proportional to said nmass
flowrate in a r‘r}é]sefle@wf(’:‘&ﬁthleél need widrsdion Tore agi riggirto vieals e 53y eci si on

o Goanst r eam nage T o sanas arorent oA SHe SRS RaP B FEE IO sum &
vol t age upst £Baf efeshec30 regstiveam Tasgef Hewrsense eh@meRt aRd o/ W t age
downstream 0. f)aN-2004 130l fg,990ast Leam mass 1 ow sense el ement and
provi de the signal indicative
of gas flow, and that thus eliminates the need to further
process the ocutput voltage signal through an amplifier
10 with a much larger input impedance than the bridge
impedances.
In accordance with the present invention, a mass
flow seﬁsor interface circuit and corresponding method is
provided that substantially eliminates or reduces the
15 disadvantages and problems asscciated with previously
developed mass flow sensor interface circuits. In
particular, the present invention provides an improved
mass flow sensor interface circuit and method for sensing
and measuring mass flow rate of a gas tc provide an
20 output voltage proportional to the gas flow rate in a
mass flow controlier.
The improved mass flow sensor interface circuit of
the present invention comprises a circuit for sensing and
measuring the mass flow rate of a gas to provide an
25 output signal proportional to said mass flow rate in &
mass flow controller, wherein the circuit has a precision
current source to drive the circuit, an upstream mass
flow sense element, a downstream mass flow sense element,
an operational amplifier to sum a voltage upstream of the

30 upstream mass flow sense element and a voltage downstream



output signal, a reference voltage source electrically conneﬁt ﬁgﬁ"ﬁ%ﬂg‘l
positive node of the operational anplifier, an upstream shunt or

and a downstream 5 shunting resistor sharing a common junction at a _
negative node of the operational anplifier and electrically connected in
parallel to the upstream and downstream nass flow sense el ements, wherein
each of the shunting resistors has a resistance which is substantially
greater 10 than the resistance of the sense el enents, a reference resistor
electrically connected between the reference voltage source and the
positive node of the operational anplifﬂér, a feedback resistor
electrically connected between the negative node and the output of the 15
operational anplifier, and a reference resistor of value of half of the
bri dge resi sPanébeellopnsiteghiny nessnédoed schetwedrridhe pEsi Hrveinederef the
upstream and downstream sense

oper at i onal (.51 er nd junction of th _ _
rgsistors. ggp#ké %%ggg%f Fn&gﬁﬁFgﬁcﬁl§8?589ﬁrﬁ§@§0§ FeFdd g Lysensi ng
and neasuri ngohhechass tbl awpbat e 19k @acg@s off0 t hRr QW44 +aR ayt put si gna
proportional to_said ass flow rate in a nmass flow controller. The nethod

essential |y 2EBApLLEEs éﬂivpﬁgr&a@iﬁ@Uhﬁingimgsasmgecbmhoad@@mmeﬁteaaf t
i th eWMth the circuit .and, .providing the outpu
eignal > ¥ 9H§n€§ﬁ§ EFQFEE%E.sW%E%;g ?hEOEPPEUPPngﬁﬁPByéﬁ Pn%Fﬁétﬂﬁﬁéntive

signal at the outpu € circu

met hod conprhsds af phecbpeeattuna@nampoureert andr bveckhe cghnguit, an
upstream nmass fl ow sense el enent, a downstream nmass flow 30 Sense el enent,
an operationSPnﬁﬁﬁFngéP PBTEhAEA 18I LhGeDSEr8AN 20d4dpanstream mass

flow sense elements, wherein each of the shunting
resistors has a resistance which is substantially greater

10 than the resistance of the sense elements, a reference
resistor electrically connected between the reference
voltage source and the positive node of the operational
amplifier, a feedback resistor electrically connected
between the negative node and the output of the

15 cperational amplifier, and a reference resistor of value
of half of the bridge resistance electrically connected
between the positive node of the operational amplifier
and junction of the upstream and downstream sense
resistors.

20 The present invention also comprises a method for
sensing and measuring the mass flow rate of a gas to
_provide an output signal proportional to said ass flow
rate in a mass flow controller. The method essentially
comprises driving a circuit using a precision current,

25 sensing the gas mass flow rate with the circuit and
providing the output signal at the ocutput of the circuit.
The circuit employed in the inventive method comprises a
precision current source to drive the circuit, an
upstream mass flow sense element, a downstream mass flow

30 sense element, an operational amplifier to sum a voltage



upstream of the upstream mass flow sense elenent and a voltage downstream
of the downstream mass flow sense elenment and provide the oufpfit JAN Q084 . a
reference voltage source electrically connected to a positive node 5 of
the operational anplifier, an upstreamshunting resistor and a downstream
shunting resistor sharing a comon junction at a negative node of the
operational anplifier and electrically connected in parallel to the
upstream and downstream nmass fl ow sense el enents, a 10 reference resistor
electrically connected between the reference voltage source and the
negative node of the operational anplifiiér, a feedback resistor
electrically connected between the positive node and the output of the
operational anplifier, and a reference resistor 15 electrically connected
bet ween t he pR8Treew ﬂﬁdehefuphereememabboﬂabwaﬁﬁﬁgéhéneﬁ?ﬂt{Eﬂ@tbon o;dthe
upstream an wnstream sense elenments. | n one enbodi nent, e i nprov

ngss flom/sgﬁgggag?ng8VP5§5eépr86igESfdPHESEFééﬁnWaﬁﬁvéhPWoﬁehﬁcludes an

20 upstream abs@eht oungepseveLeNeAt, ardEWNst Lram nas nse el ement,
and g preci si on iurrent gou?ce to dr?veB t he éﬁchF?.§?E%9§%EEU|t further

i ncl udes andvobpe@at fenareanpertréraslpgeotnestadt he yopbageiupshpgam of

th trea e Lth_the.vol tage downstream 25 of the downstream
seﬁngZIéﬁeﬁ%f gﬁ%e %%gggéoﬁ%ﬁtgﬁgf%gleﬁreﬁ?r?EﬁFF?a@oﬁHBEFéHgto t he

positive nodecofstbe anpesatibonatrampl bRt indN-UPsLEgaMgAYNLL NG resistor
and a downstream shunting resistor share a common junction at- the

negative node®BFOR hevopetali dhaf BRPREiVernade of etie fodaNaR06Mal5
| amplifier and electrically connected in parallel to the

upstream and downstream mass flow sense elements, a

10 reference resistor electrically connected between the
reference voltage source and the negative node of the
operational amplifier, & feedback resistor electrically
connected between the positive node and the output cf the
operational amplifier, and a reference resistor

15 electrically connected between the positive node of the
operational amplifier and junction of the upstream and
downstream sense elements.

In one embodiment, the improved mass flow sensor

a interface circuit of the present invention includes an

20 upstream mass flow sense element, a downstream masg flow
sense element, and a precision current source to drive
the circuit. The circuit further includes and
operational amplifier stage to sum the voltage upstream
of the upstream sense element with the voltage downstream

25 of the downstream sense element. A reference voltage is
electrically connected to the positive node of the
Operational amplifier. An upstream shunting resistor and
a downstream shunting resistor share a common junction at

the negative node of the operational amplifier and are




electrically connected in parallel to the upstream and downstriﬁmgﬁsamlI
fl ow sense el enents. The present invention further includes ar eJ C
resistor electrically connected between the reference 5 voltage source and
the positive node of the operational anplifier and a feedback resistor

el ectrically connected between the output and the positive node of the
operational anplifier. An output voltage proportional to the resistance
change across the upstream and downstream 10 sense el enents, and therefore
proportional to the gas mass flowrate, .is provided as an output of the
operational anplifier. The inproved nassifl ow sensor interface circuit of
the present invention provides a nore linearized output, greater
sensitivity, greater 15 reliability and better accuracy than prior art such
circuits. Thelestraged lypsoresmted tihe papstlledmtzense elpgivertam .0

domnstrean1ofogggtdo%pstrean1ﬁense elenent are referenced to +2.5 volts
and are added {StRESBpBEEET Shal ?@néﬁpﬁﬁﬁW@PFSThe node vol tages of the

oper at i onal anplEhbebr@%@n%ﬁﬁﬂ%@hﬂﬁgnaEuf%hérYQHEiu&@Qj%193%%P3E§§VG
node serving as a virtual ground. The sensitivity of the nmass 10w sensor
interface CcFEELFECST clREtPAEseAl Conanciten bamweengréat Ing fienemeased 25

over that of ri rt _ciorcuits. The effect of the shunting resistors
pl aced in paygﬁfgﬁewf?%r?ﬁea&gsgﬁga Oséﬁavgo%ﬁgﬁrggan§n§@eéP§ﬁ§W@§ on

circuit sensemplifyeirsandi bi fekdbine vakuetoh thecshurbiing Lesinslgls can
typically be _about 100 tinmes that of the sensing elenents 30 with the
result that PREVRABA- FRReQNtPESpBRSe tEEUBEE1ibY}VE BOFANOIOGHE

operational amplifier. An output voltage proporticnal to
the resistance change across the upstream and downstream
10 sense elements, and therefore proportional to the gas
mass flow rate, is provided as an output of the
operational amplifier. The improved mass flow sensor
interface circuit of the present invention provides a
more linearized output, greater sensitivity, greater
15 reliability and better accuracy than prior art such
circuits.
The voltages upstream of the upstream sense element
-and downstream of the downstream sense element are
referenced to +2.5 veclts and are added by the operational
20 amplifier. The node voltages of the operational
amplifier are maintained at +2.5 volts, with the negative
node serving as a virtual ground.
The sensitivity cof the mass flow senscr interface
circuit of the present invention can be greatly increased
25 over that of such prior art circuits. The effect of the
shunting resistors placed in parallel with the upstream
and downstream sense elements on circuit sensitivity is
minimal. The value of the shunting resistors can
typically be about 100 times that of the sensing elements

30 with the result that the non-linear response caused by




16 the sunmation of the inpedance val ues of the upstream and df%mgghrean1
sense elenents in prior art circuits is substantially reduce T gamh of
the inmproved circuit of the present invention can be increased by the 5
appropriate choice of the feedback resistor of the operational anplifier.
The precision current source is further conprised of a series of resistors
and operational anplifiers designed to maintain a constant current through
t he upstream and 10 downstream sense el ements. Furthernore, a signal
conditioning anplifier can be used to coggition the output signal derived
fromthe resistance change in the upstredm and downstream sense el enents
before feeding the output signal to an anal og-to-digital converter. 15 The
present invention provides an inportant technical advantage for an

i mproved mas§Pfl sWIMAtdPRaed thier éuPedehae prduedes ft hdec apahideiaty anol

i ncrease sen t l.t.a | i.m nat.e the pri,or art problens
associ at ed m??hnggg%gﬁ §¥§ﬁ§|%?§ %§F$oﬁnb?rﬁpng&Fn§l§CU2§Snﬁéh smal | er

shunting ef f eabsthnadghlyhecdseeal vehy ghahgefr sleStiapeesc0RAgct8d in
parallel with_the upstream and downstream sense el enments, and thereby

i ncrease theOFOEEFa Fe&fRéctVenEdenoraphesi dagircesedey $berce. Yet
anot hes techapgabradyant 29e:ek B?egrngQ%%gagﬁs?es%%;%#ﬁggfﬁﬁsor interface

circuit of the present invention i'm nates the non ? existing in
prior art masperfétownseénsoplifiterface circuits. By using nuch |arger

resi stances in paégllel w.th the sense resistors, the non-linearity effect
is greatly reduced”6vBrFeprPofPalftit36nEi FOUEFS. TPhéurdbar eqmpaatesodice

driving the gigedits of resistors and operational amplifiers designed
to maintain a constant current through the upstream and
10 downstream sense elements. Furthermore, a signal
conditioning amplifier can be used to condition the
output signal derived from the resistance change in the
upstream and downstream sense elements before feeding the
output signal to an analog-to-digital converter.
15 The present invention provides an important
technical advantage for an improved mass flow interface
circuit that provides the capability to increase sensor i
output voltage and eliminate the prior art problems !
associated with output signal reduction by providing a
20 much smaller shunting effect through the use of very
large resistances connected in parallel with the upstream
and downstream sense elements, and thereby increase the
overall effectiveness of the ideal current source.
Yet another technical advantage of the improved mass
25 flow sensor interface circuit of the present invention
eliminates the non-linearity existing in prior art mass
flow sensor interface circuits. By using much larger
resistances in parallel with the sense resistors, the

non-linearity effect is greatly reduced over prior art

30 circuits. The ideal current source driving the circuit




0 6 JAN 2004 17 is nmade nore ideal because the sense resistors ieﬁ @ "
hi gher 1 npedance fromthe current source. Still another techni é VQWtage
of the inproved mass flow sensor interface circuit of the present 5
invention elimnates the need to manually calibrate the «circuit using
potentioneters for the zero flow zero trim position, thereby elimnating
the drift problens associated with the prior art circuitry due to
tenperature and bunping or jarring of the circuit, which 10 coul d cause
potentioneter msalignment. A still furt er techni cal advantage of the

i nproved nmass flow sensor interface cir Ult of the present invention is
that it is inherently insensitive to anbient tenperature changes and
thereby elimnates the 15 tenperature drift problens associated with prior
art circuitss Wﬁﬁ? mgr@spéégglb?CadvantégeéaSSEfrehéstotscaEEry is being

operated in QEHRE ?ﬁggdg %n¥hgre Vgﬁ#:g%nﬁfngerature is likely to

change. An eve ica H&® Fnproved 20 mass fl ow

sensor interface StEEMIhnothéhetatﬁﬁeﬁhl haventhel b$ that ihpbrdoeg not
require a Iar e de ree of nplification of the circuit output voltage to
produce a ﬁﬁlf ﬁﬂléﬁ??@é éﬂt§é§aF?oﬁﬁrFHa§ @ﬁlﬁhﬁaprﬁgeﬂhe need to

furt heg pr00?§§e£9§oﬁ“é£’ﬂnl¥9‘cEaég‘éhé'H%@E Lr quan. 20,28, aapLLtLer ui th a

bl
much larger input inpedance than ridge |npe ances 2004 is
circuit using potentiometers for the zero flow/zero trim

position, thereby eliminating the drift problems

assoclated with the prior art circuitry due to

temperature and bumping or jarring of the circuit, which
10 could cause potentiometer misalignment.

A still further technical advantage of the improved
mass flow sensor interface circuit of the present
inventicn is that it is inherently insensitive to ambient
temperature changes and thereby eliminates the

15 temperature drift prcoblems asscociated with prior art
circuits. This is especially advantageous if the
circuitry is being operated in an enclosed area where
ambient temperature is likely to change.

J An even further technical advantage of the improved

20 mass flow senscr interface circuit of the present
invention is that it does not reguire a large degree of
amplification of the circuit output voltage toc produce a
signal indicative of gas flow, thus eliminating the need
to further process the output voltage signal through an

25 amplifier with a much larger input impedance than the

bridge impedances.




DRAW NGS For a nore conpl ete understanding of the present inﬁ tg§€ d
t he advantages thereof, reference is now made to the follow SPJ Z&Btion
taken in conjunction 5 with the acconpanying drawi ngs in which |ike
reference nunerals indicate |like features and wherein: FIGURE 1 shows a
prior art mass flow sensor bridge circ&gt; FIGURE 2 is a circuit diagram
of a prior art ideal 10 current source and zero reference control circuit;
FIGURE 3 is a sinplified circuit diagramof the bridge topol ogy of the

i nproved nmass flow sensor interface circuit of the present invention;
FIGURE 4 shows a nore detailed circuit diagramof 15 the precision current
source of the inproved mass flow sensor interface circuit of the present

i nvention Sh0EBIEEEIEBﬁﬁfEEﬁ%Q%ﬂEEJﬂE ' detailed circuit diagram of
the signal conditioning anplitreéer oggﬁgggFg%%%ved mass flow sensor 20
interface circuit & ife norssaempementimiedwding 5 QIRE Sredeft6 JAN

2004 19 DETAI L CRI PTI.ON.OF THE | NVENTI ON Preferred enbodi nents of the
present inven#ﬁgﬁggﬁgniﬁqqxﬁﬂﬁa NtagRs mRsreRt . 15edenRrRS ale Bewng used

to refer to make ard ter reIneRdiRg d@éﬁﬁlfc%rheca‘@ﬂ ayp %ﬁ@(‘%@gé%i €

present _invention provides an inproved nass ow sensor rcuit
that is®nore Yak& tihge accegpanying drawings in which like reference

numerals indicate like features and wherein:

FIGURE 1 shows a prior art mass flow sensor bridge
circuit;
FIGURE 2 is a circuit diagram of a prior art ideal
10 current source and zero reference control circuit;
FIGURE 3 is a simplified circuit diagram of the
bridge topology of the improved mass flow sensor
interface circuit of the present invention;
FIGURE 4 shows a more detailed circuit diagram of
15 the precision current source of the improved mass flow
sensor interface circuit of the present invention shown
in FIGURE 3; and
FIGURE 5 is a detailed circuit diagram of the signal
conditioning amplifier of the improved mass flow sensor
20 interface circuit of the present invention shown in

FIGURE 3.



conplex and nore reliable than any such prior art «circuits. ﬁt if ow
sensor interface circuit of the 10 present invention is inhere 55& 20

i nsensitive to anbient tenperature changes and provi des an output voltage
signal about double the sensitivity of prior art circuits. The present

I nvention substantially reduces the non-]inear effects existing in prior
art circuits and inproves 15 reliabiliﬁi’and accuracy by elimnating the
need for manual adjustnent and calibration of prior art circuit gain
pots. The inproved nmass flow interface circuit of the present invention is
therefore sinpler, nore accurate, nore sensitive and nore reliable than
prior art 20 circuits. FIGURE 3 |IIustrates the bridge topology of the

i mproved nasSpfts 3 g present invention. The
sense el enment’s R -r|-ge FesTstors , 48, each of value R are
connected 25 to anPreterredtembgdaaeaOs ¢ﬁethanpreaﬁnbf1ﬂweandORdar§

connected to I rrua 2 5V The, junction. of g
resistors 46 g%%“ﬁ%r% B cbﬂn ggﬁgﬁgﬁe Tﬁ%éaPvarﬁ$aeb8ﬁn8p“§ﬁ§

anot her resi st@fer 560 1§kecaﬂae@b@9ebpbnaeﬁgtb@rﬂggatl vBenodeiehsU3 and its
out put 30 (feedback resistor). The virtual +2.5V source 56 is 0 6 JAN 2004
20 conn®ect ed @vavhedPositi ve node of op-anp U3 through a resistor of value
R/'2 58; the positi a e t + F t yoh a
resi stor of value'ﬁgﬁqggss%ﬁFsH?gggﬁggg g%gﬁéﬁgscgﬁe ﬁP?¥v§§lgﬁ%§d?EB

differenti al Q@ﬁbbfiEntabfabereﬁecustanyacomnnmoﬂadeensmtuage dasisat i on

caused by changes I n thg +2.5V s ?
complex and more re 1ab e than any such prior art

circuits. The mass flow senscr interface circuit of the

10 present invention is inherently insensitive to ambient
temperature changes and provides an output voltage signal
about double the sensitivity of prior art circuits. The
present invention substantially reduces the non-linear
effects existing in prior art circuits and improves

15 reliability and accuracy by eliminating the need for
manual adjustment and calibration of prior art circuit
gain pots. The improved mass flow interface circuit of
the present invention is therefore simpler, more
accurate, more sensitive and more reliable than prior art

20 cilrcuits.

FIGURE 3 illustrates the bridge topology of the
improved mass flow sensor interface circuit of the
present invention. The sense elements R, and Rg and
bridge resistors 46, 48, each of value R, are connected

25 to an i current source 20. The junction of R, and Ry is
connected to a virtual +2.5V source 56. The junction of
the bridge resistors 46 and 48 are connected to the
negative node of op-amp U3; another resistor, 50, 1is
connected between the negative node of U3 and its output

30 {feedback resistor). The virtual +2.5V source 56 is




55. The output-input transfer function of an anplifier describﬁg-ﬂﬂf%ﬁ S
given by 10 eout = 2* (Vn-Vu) +2.5V REF [EQN. 2] where Vj] is 04
downst ream sensor voltage, Vu is the upstream sensor voltage. A major
advant age of the inproved nmass flow sensor 15 interface circuit of the
present invention is therefore that t out put signal, eout 30, available
fromthe circuit can be approxi mately doubl ed. Additionally, the

non-linear effects caused by the relationship between eout 30 and the
parallel resistors of the prior art are 20 reduced by a factor of about

100. The bias of output voltage eout 30 can also be raised to 2.5 volts to
create a new systemreference for the analog-to-digital converters

i ntended to us t hi i nvention. Furthernore, the_i roved nmass fl ow
sensor inter?§€86%3§ggﬁftﬁ € O T SR T hveht FBR @ﬁogﬁrpﬁg | 8URE 3

elimnates thespceheE agsew ated v iy i9ssaf{ivavadak iadpugbnent of
gain pots to provide offset balancing. By elimnating the use of a
vari abl e resFenBectegcfcashesard & RFRAStOrrRh ok FREURECL, of h¥agugsent

i nvention 30.,gl iz na t leg g% ck_ of i1 in time and } 0 6
JAN 2004 21 ?gngg}atﬁﬁésaggggﬁat dq;n Eig%fféﬁ é&fP i%%%?gFe?he probl em of
not hagi ng t He ffatenitaladneenpdti farer teieh ated €ct @SanRycbembagubaed at a
different tenperature is therefore elimnated. 5 Varjable resistors used
in prior art VPiE@ge yagi@tion caused by changes in the +2.5V source

56. The output-input transfer function of an amplifier

described above is given by
10 Eour = 2% (Vp-Vy) +2.5V REF [EQN. 2]

where Vp is the downstream sensor voltage, Vy is the
upstream sensor voltage.
A major advantage of the improved mass flow sensor
15 interface circuit of the present invention is therefore
that the output signal, e, 30, available from the
circuit can be approximately doubled. Additionally, the
non-linear effects caused by the relationship between eg.
30 and the parallel resistors of the prior art are
20 reduced by a factor of about 100. The bias of output
voltage ey, 30 can also be raised to 2.5 volts to create
a new system reference for the analog-to-digital
converters intended to be used by this invention.
Furthermore, the improved mass flow sensor interface
25 circuit of the present invention shown in FIGURE 3
eliminates the problems associated with prior art manual
adjustment of gain pots to provide offset balancing. By
eliminating the use of a variable resistor, such as
variable resistor RVl of FIGURE 1, the present invention

30 eliminates the problem of lack of stability in time and




not as stable over either tenperature or tine as are the prec';va

hi gh-tol erance, high-stability resistors used in the present ¢ ANiHWﬁ
The inmproved mass flow interface circuit of the present invention
therefore can 10 elim nate a nunber of potential errors that can devel op

In response to tenperature or, over ting, by providing an automatic zero.
The circuit of the present invention éssentially adds the voltage drop
across upstream sense elenent RU and downstream sense el enent RD, which
are 15 opposite in polarity. Therefore, when the sensor outlets are equal,
the circuit is inherently trinmred to zero. Qoviously, there can be slight
variations in the output, but these variations are negligible because they
can be conpensated for outside the circuit Eﬁ&% ero offset c n, 20 be .
renoved by shFPREFELHIESEEOSIRTES YHitd nEess & TeHMr A Fer BFSwhich the

i mproved ”BSEerQ@hséﬁsﬂbt k@&@ﬁkﬁ%%é”ééﬁétbéﬂaﬁégféﬁeéﬁ%“téﬁy@ﬁétQPe's a
part. Additionally, by providing an inherently linear <circuit, the

I nproved masssf ey bensequimest fedce ciffianen 3 eipetrwtpresent i nvention
provi des a c CUI that .i.s.very . close to ideal. The equation for the

out put volta %RﬁF F#&Hﬁﬁ%?%qnwoved mass flow sensor interface circuit
of thegpresent l nvaa‘.&.ae,uel Scewl\se;rbxl%y uded AN 22 2 RuitP)are~ - 2 5
-1 + (R, +RD)/ 2R 3] E n 3 above shows that the sensitivity
relative to n?heaﬁeﬁﬁﬁp DWﬂE & MO RMREEN WS X o¥me RS pRTorthet .

precision, high-tolerance, high-stability resistors used
in the present invention. The improved mass flow
interface circuit of the present invention therefore can

10 eliminate a number of potential errors that can develop

in response to temperature or, over time, by providing an
automatic zero. The circuit of the present invention
essentially adds the voltage drop across upstream sense
element Ry and downstream sense element Rp, which are
15 opposite in polarity. Therefore, when the sensor outlets
are equal, the circuit is inherently trimmed to zero.
Obviously, there can be slight variations in the output,
but these variations are negligible because they can be
| compensated for outside the circuit. The zero offset can
20 be removed by software used to control the mass flow
contreller of which the improved mass flow sensor
interface circuit of the present invention is a part.
Additicnally, by providing an inherently linear
circuit, the improved mass flow sensor interface circuit
25 of the present invention provides a circuit that is very
close to ideal. The equation for the output voltage
signal from the improved mass flow senscor interface

circuit of the present invention is given by




) 5 Also, the effect of resistors 46 and 48 on the sensitivity gq%v f |1
and is substantial in reducing the non-linear response cause j%¢Kg erm
(Ru + RD) Lastly, the circuit gain can be increased by the appropriate
choi ce of feedback resistor 50. The value of 10 feedback resistor 50 and
reference resistor 54 is typically tvw£§ethai of resistors 46 and 48. In
practice, the inproved mass flow sensor interface circuit of the present
i nvention cones very close to a [2i (Ru - RD) ] value for the out put
voltage. This is 15 because the (Ru + RD) termin the denom nator of Eqn. 3
is reduced by two tinmes R, and the ratio of Ru2RRD i s approxi mately 0.01.
The effect of this non-linearity is therefore reduced by a factor of 100.
The resistance value of resistars _46yand 48 is an arbitrary choice 20
within circuit design k;wﬁlsth%5¥+i£%?tance val ue can be nabEONery] | ar ge,
and as R becones very | arge thﬁ ®RiFRB?X2R termin the denoni nator goes to
zero, further reducing the circuit non-linearity. Notice that the factor

"2" in Eqn. 3 can also be increased by increasing the values of 25
resi stors 50 and B4njn3Faheve shewsyihads the gansiidy iy rakat g ncof t he

i | di ti i i i f i st 0 d
oo e or Va6 thENEEnSRIE- RS LHASE ANbIE LB 0Pl LhESHPLOE BRCEN
mat chexl to thbéopfthe efife@rtdef tesiwitetrai d thdadsanee wet he anplifier

circuit. FIGURE 4 is a circuit diagram of_ precision current source 40
iIlustratingsﬁ%ﬁﬁFh@lFﬁpﬁévgﬁrﬁa§@aﬁﬁo®n§bﬂ§bﬁUbStant1al in reducing

the non-linear response caused by the term (Ry + Rp).
Lastly, the circuit gain can be increased by the
appropriate choice of feedback resistor 50. The value of

10 feedback resistor 50 and reference resistor 54 is
typically twice that of resistors 46 and 48. 1In
practice, the improved mass flow sensor interface circuit
of the present invention comes very close to a

[2i (Ry - Rp)) value for the output voltage. This is

15 because the (Ry + Rp) term in the denominator of Egn. 3 is
. . R, +Rp .
reduced by two times R, and the ratio of ~on is

approximately 0.01. The effect of this non-linearity is
therefore reduced by a factor of 100. The resistance i
value of resistors 46 and 48 is an arbitrary choice

20 within circuit design limits. The resistance value can

Ry + Ry

be made very large, and as R becomes very large the R

term in the denominator goes to zero, further reducing
the circuit non-linearity. Notice that the factor “2” in
Egqn. 3 can also be increased by increasing the values of
25 resistors 50 and 54 in Figure 3 to values larger than 2R.
The gain of the signal conditioning stage is controlled

by the ratio of resistor 50 and resistor 46 (48). The




5 interface circuit of the present invention precisely control SUBh?AN“ZG"U?”t
fl ow through sense elenents Ru and RD. As shown in FIGURE 4, precision

ref erence voltage source 52 is used to both control the circuit current
and to establish the 2.5 volt dynam c virtual ground at the 10 negative
node of op-anp U3. In the inplenentati n of the precision source as shown
in FIGURE 4, as in the prior art, a voltage drop across a current
measuring resistor Rt is produced to neasure the current that will flow

t hrough sense el enents 15 Ru and RD. However, the placenent of current
measuring resistor Rr is changed fromthe prior art (shown in FlIGURE 2)
where the current neasuring resistor Rr followed the emtter of transistor
QL. In the e ' t _af - r,e t i ' }_gef [ Eﬁ] ff. urrent
measuri ng 20@2?%@3 r%rSl%E%prl %éeg%?glb%ﬁtd@gcn%t ac \Mxvﬁttﬂ-1 e%l)!;nl-:sf tleI? of
transi stor (Brserasct mahiatatint idendgdiance erfd tofe tauglidretiidirdiits. i s
necessary because_the inprqoved mass flow sensor circuit of the present

i nvention rai ses FHEYRFededfalP &t PG HY &P resis iR (X ER N he f1 ow

of current thpaugh Ghe ighieerhtihg HIW t9ld a6 RRE MRl ONaloilddd.er
stages Ul and U2, transistor QL, reference voltage source 52 and current
measur Eng reghseyfare, cdycndiyt afeddiE innEseedi storerRd drs pydciceliiat t he

negative end of _the citcuit aqver %&e center 30 to preserve the paqsitive
suppl y voltaﬁgf’ﬁgggrsog‘%ef Sflrﬁe_élt\] %%erﬂtl S o TSP § ﬁ”erar’f}tl. Si nce
the mass flow,intgsf seéwnCincCRIGURBO4I, SpreteEebaededbrén2eValisadehe
voltage drop on each of sense elenents RD and R' is approximately 5
source 52 is used to both control the circuit current and
to establish the 2.5 volt dynamic virtual ground at the
10 negative node of op-amp Us;.

In the implementation of the precision source as

shown in FIGURE 4, as in the prior art, a voltage drop
across a current measuring resistor Ry is produced to
measure the current that will flow through sense elements

15 Ry and Rp. However, the placement of current measuring
resistor R, is changed from the prior art (shown in
FIGURE 2} where the current measuring resistor R, fcllowed
the emitter of transistor Ql. In the embodiment of the
present invention shown in FIGURE 4, current measuring

20 resistor Ry is placed to be in contact with the emitter of
transistor Q2 so as to be at the negative end of the
circuit. This is necessary because the improved mass
flow sensor circuit of the present inventicon raises the
pedestal reference voltage by +2.5 volts.

25 The flow of current through the circuit is
controlled by operational amplifier stages Ul and U2,
transistor Ql, reference voltage source 52 and current
measuring resistor R;. Current measuring resistor R, is
placed at the negative end of the circuit over the center

30 to preserve the positive supply voltage headroom for




volts, the emtter voltage of transistor QL is at +7.5 5 VOltS’PﬁpaAﬁh
base voltage of transistor QL is at 8.2 volts. Because the posltive saygly
voltage can be as low as +12 volts (15-volt supply voltage val ues are

nom nal ), operational anplifier stage Ul is forced to work near to its
maxi mum posi tive output. Any additional, 10 voltage drop pushing the emtter
vol tage of transistor QL, and with it Zhe out put voltage of operationa
anplifier Ul, nmay reduce the margins of the linear operating range of
op-anp Ul. operational anplifiers Ul and U3 work in their |inear ranges and
so there is 15 typically no problem of running out of voltage supply for
these two operational anplifiers. Although the position of current

[ ISt . Rr_-has_he ch ed, . the current through .the circuit is
CETTT botng BERTASHREY ARG e ah e o7 e HRE R e 136%p AR TRACE Some

level transl gtiremief 1Wecisitcrerivedlds 21eferepse ¥akt 39Q taseMd@SO
that operational anplifier Ul senses the difference across current ;
measuring ré&& §86h RE sapsoplapenys Jensesl R § sdiafipaceriseatstl ¥ t®d  down

by some anou f. vqhtage. . : eratiopal 2 nplifi.er Ul i.s .only
sensitive togk%gsdi% §f%ﬁ€§H%%$§§?t%§ﬁrégngﬁeaithﬁﬁ bgsﬁgtgg & g0

t oget her wi t rodpar,atanghalhe amed fcArtddd idf stthhsLonbrobs tilke azumr.ent 1l ow
Qperational anplifier. U2 prodyces an output which is exactly 2.5 volts
above the en’Ct&S vol 5t tﬁ}%@gs&t&vgﬁ@p%y@p}tpﬁg FeRePeeRE drv

current measy ng o SRLOT Y016 1ANA004,25 a0d thet Ls presented o the

positive node of "Operational np age at *tfe top of
current nominal), operational amplifier stage Ul is forced to

work near to its maximum positive output. Any additional

10 voltage drop pushing the emitter voltage of transistor
©l, and with it the output voltage of operational
amplifier Ul, may reduce the margins of the linear
operating range of op-amp Ul. Operational amplifiers Ul
and U3 work in their linear ranges and so there is

15 typically no problem of running out of voltage supply for
these two operatiocnal amplifiers.

Although the position of current measuring resistor

Rr has been changed, the current through the circuit is
still being contrelled through transistor Q1. As in the

20 prior art, some level translation of precision +2.5 volts
reference voltage is made so that operational amplifier
Ul senses the difference across current measuring
resistor R;, but op-amp Ul senses this difference shifted
down by some amount of voltage. However, operational

25 amplifier Ul is only sensitive to the difference across
current measuring resistor R, so together with operational
amplifier U2 it still controls the current flow.
Operational amplifier U2 produces an ocutput which is

exactly 2.5 volts above the emitter voltage of transistor

30 Q2 (i.e., the lower end of current measuring resistor Ry)




measuring resistor Rr is presented to the negative node of Op'@ﬁpJAﬂ'%m#
Because of this, operational anplifier UL 5 nust produce a current wt he
hel p of transistor QL that produces an exact 2.5 volt drop across current
sense elenment Rr. The voltage that exists at the junction point of sense
el ements RU and RD is controlled by neags of operational anplifier U4 and
transistor Q. This is done 10 by neans of reference voltage source 52
connected to the positive node of operational anplifier Wi in conbination
with the junction voltage of Ru and RD at the negative node of U4.
Resistors R2 and R7 are equal in value 15 (approximately 50 kQ and can be
used to elimnate the voltage drop caused by the node bias currents as

di scussed as pa&{ﬁg{ FI GURE 3 abo%g. Standard 1% value_. resistors can Ee
used t hr oughoft™ & PARIIRTCREHETY TRsTaT FRE VhY GePesi SfoPEeERh1RB ks ed,

however they rajgl1i20 e lube Ofnd heo Bl rosi SEANCs, VAt Ug kbR the

proportions shown in FIGJRE 4. Resistor R2 is necessarily attached to the
negati ve node mHasppaire il s el RS iier pyesemt sy dd ddhen ot i veimede of

f eedback with ca_pacit‘ﬁ{ and to .mptch the offset yoltages.betyeen the
nal " anpis? b ?éﬁ

nodes of 25 opératito VT v Trat ST Ry 1RE2 BB ARCE VE e s

used inghe pogidt werdiide of @preem: Ui tiFraosiensyp senst thveikeedback is
necessary to mnimze_the effect of high-frequency noi se in mass fl ow
sensor ci rcui tthEgo PARRICES AP SRS €iT IRt 1BCBO2EHAEA| AYTEEYESr GENSE

Z%‘;{???e?‘; [‘J'lmljafznﬁegﬂfdl%ﬁzy APeS o1 a8 ) ANa20Q4: 128 d N Udid Gy @REr Bl 4N ne

of sense elements Ry and Rp is controlled by means of
operational amplifier U4 and transistor Q2. This is done

10 by means of reference voltage source 52 connected to the
positive node of operational amplifier U4 in combination
with the junction voltage of Ry and Rp at the negative
node of U4.

Resistors R2 and R7 are equal in value

15 (approximately 50 k1) and can be used to eliminate the
voltage drop caused by the node bias currents as
discussed as part of FIGURE 3 above. Standard 1% value
resistors can be used throughout the circuit. Other
resistance value resistors can be used, however they must

20 all be of the same resistance value or in the proportions
shown in FIGURE 4. Resistor R2 is necessarily attached
to the negative node of operational amplifier U4 to
provide a stabilizing feedback with capacitor C4, and to
match the offset voltages between the nodes of

25 operational amplifier U4 by matching the resistance value
is used in the positive node of op-amp U4.

Frequency sensitive feedback is necessary to
minimize the effect of high-freguency noise in mass flow

senscor circuit 100. Mass flow sensor circuit 100

30 contains several sources of high-frequency noise,




Transistors QL and 2 |ikew se can generate high- frequency no@iejAHVﬁw#the
resistors in the circuit can generate sone hi gh-frequency noi

Additionally, not 5 shown in mass flow sensor circuit 10, but inplicit to
the circuit, are tinme delays and other filtering effects that are

I nherently part of operational anplifi Ul, U2, U4 and transistors QL
and 2. These tine delays and filtering effects happen at very high
frequency, and it 10 is possible that mass flow sensor circuit 100 can
beconme unstable at sonme very high frequency and produce an unwanted
oscillation in the constant current through the circuit. The negative

f eedback provided by resistances R2 and C4 attached to the negative node

of operati onglcihia |é§é%t£’§ngffhﬁﬁlﬁﬁﬁe9ﬁeﬁ§|'U"zeéﬂ‘aniﬁ at a

conparatively | ow frequency and swanp out the nodise- contributing
conponent s cwranﬁasﬂ¢xmn®l amdtﬁﬁslnbgande the geeeablteeffight- of capacitor
C4, in conjunction wth. a% onaL ler U3.and. resistor, 20 R2, is
to stabiliz ?ﬁﬁﬁ?¥?¥wfg%% YFeu Pe eséﬁBﬁFE ifhERE 5 T4 oS 1 at ory

t endenci es lgbﬁéﬁﬁéis%rﬁéol\i\iéﬁﬂﬁﬁéqﬁéﬁéylhoiQQ dugahe thioia1del, aystor ot her
contributing factors, they are reduced or el i m nat ed by thi$ feedback

circuifry. ZhaWe Gutpags ofl@‘ﬁeﬁatlﬁ'@ﬁaﬁéﬁplltf Lér bRti dmpddsitpés tihee by
exactly +2. 5 V. t a f n |stor ratlonal
y IOAII %i e\r?jin r anrsqié%g? 55 ggheg ftlé% ‘%l (‘):It(go gabase

\ellglplt :Elgiaer of a:;‘e:lrh:iksetﬁn@.y spatbapft bpeemﬁbﬁgllj.f:aﬁlpﬁﬁlﬁ 1@frsQsz JAN 2004 27
tranSIStor(%nthra éfﬁ%gﬁéaQ¥O££3982qrogtheeé?%gl%e%a?s and
filtering effects happen at very high frequency, and it

10 is possible that mass flow sensor circuit 100 can become
unstable at some very high frequency and produce an
unwanted oscillation in the constant current through the
circuit. The negative feedback provided by resistances
R2 and C4 attached to the negative node cof operational

15 amplifier U3 define the overall response at a
comparatively low frequency and swamp out the noise-
contributing components of the circuit.

In this regard, the overall effect of capacitor C4,
in conjunction with operational amplifier U3 and resistor

20 R2, is to stabilize mass flow sensor circuit 10. Should
there be any oscillatory tendencies in the mass flow
sensor circuit 100 due to time delays or other
contributing factors, they are reduced or eliminated by
this feedback circuitry.

25 The output of operational amplifier U2 is more
positive by exactly +2.5 volts than the emitter voltage
of transistor Q2. Operational amplifier Ul is a level
translator and its output will control the base voltage

of transistor Q1 so that the emitter current of



volts across current neasuring resistor R=. Operational amlifbg%?@qves
as a level translator. Its positive node can be connected to . ﬂ
ref erence voltage source 52 and its negative node to the common juncture
poi nt of upstream sense el enent RU and downstream sense el enent RD. The
out put of operational anplifier U4 can,.drive the base of PNP transistor
so that the junction point of upstream sense elenent Ru and 10 downstream
sense element RD will be at +2.5 volt (i.e. wvirtual + 2.5 volt). Al
resistors associated with the precision current source of FIGURE 4 as
shown are 0.1% 25 ppm per degree Cel sius precision conmponents. O her
conponent values may al so be used. 15 FIGURE 5 is a nore detailed circuit

di agram of operational anplifier U3 of FIGJRE 3. Operational anplifier U3
in FI GURE 5 F&apfasssie Bpétidth racducsins iW%éa% HOR (PirIexrEt By 2-5

Cperational aEPLLf LeEk- W3 3RLMER avd gRal-&ondidigning anplifier and

i ncl udes 20 zéener diodes DI and D2, as weld "as capacitors C5 and C6 and
resi stors RO throbgkrRtdorRdsiastporisfiRY; TR GeRids aRIR, 1418l and R14 are

preci sion resi stance conpqgnents. . The noni nal i n of operational lifier
05T s x2. 004L SCABREREor & JOF &TPICS i G e ST et i SRPTHT 1St St 1 Bn 25
with cgtoff {pegueagrrahck 23 ldge Arather dovpassitd iddddtive foba@deav t h
resistor R11 and capacitor C5. The cutoff frequency of this filter is at

15.9 kHz. Di sHescpimgad JDRdtiuse aHatredd MRrAtolRPuLSSRe gleemgnt dperd®d onal
o 10T gkt Rt e 2, | S5 ReRo S Lo ainne of
amplifier U4 can drive the base of PNP transistor Q2 so
that the junction point of upstream sense element Ry and

10 downstream sense element Rp will be at +2.5 volt (i.e.
virtual + 2.5 volt). All resistors associated with the
precision current source of FIGURE 4 as shown are 0.1%,
25 ppm per degree Celsius precision components. Other
component values may also be used.

15 FIGURE 5 is a more detailed circuit diagram of
operational amplifier U3 of FIGURE 3. Operational
amplifier U3 in FIGURE 5 is the same operational
amplifier U3 as in FIGURE 3. Operaticnal amplifier U3
serves as a signal conditioning amplifier and includes

20 zener diodes D1 and D2, as well as capacitors CS5 and Cé
and resistors R9 through R14. Resistors RS, R10, R1ll,
R12, R12 and R1l4 are precision resistance components.

The nominal gain of operational amplifier U3 is x2.004.
Capacitors C4 and Cé6 provide an active filter function

25 with cutoff fregquency at 1.59 kHz. Another lowpass
filter is formed with resistor R11 and capacitor C5. The
cutoff frequency of this filter is at 15.9 kHz.

Diodes D1 and D2 limit the maximum output voltage of

operational amplifier U3 to +2.5 volt *2.4 volt. This is

30 necessary in case one of the sense elements Ry and Rp were




to become an open circuit or get disconnected. In that event, {§ige ANt 704
of operational anplifier U3 would be forced to voltage Ievels whi ch m ght
destroy subassenblies driven by operational anplifier U3 (such as 5 an
anal og-to-digital converter). Wth an open circuit at the input, zener

di odes D1 and D2 can break down very I ckly and very precisely at the
zener voltage. Thus, if operational anplifier U3 goes highly positive,
zener diode DL will function as a 10 zener di ode. However, zener di ode D2
will now operate in its forward direction as a conventional diode and the
drop across it will be approximately 0.6 volt. The r overall effect is that
the circuit clanps the output of operational anplifier U3 at 2.5 volts

b h
apove the nods backaldl age. Lgm% G dSnd ¢ 561 fo i i lgefledted. 5 YAl tnabss

fl ow sensor Circu 5 volt 2.4 volt output from
oper at i onal aﬁahttl&méUbuﬂpumﬁniﬁmparatimnaﬂn¢m@lvﬁi&ag@Biwouudibed from

zero to five volts. 1In this e in a nal og-to-digita
converter 20IPERRECHESH D 1aRE Yﬁi]cﬁh r@&$%ﬂ eﬁﬁﬁgyfier U3 is

protected and,pol Quff1-idd V&fhvﬁ?%ﬁt@péﬁ@l@ﬁlﬂl Ridp0f tELEUBE Gsaes tle

sanme as resistors 50 and 54 of and R13 are sunming resistors 25 46
and 485i n Fl GUREn&lagpdreatdigitabnpdhvertexB. in FIGURE 5 thus provides the

output 30 of mass flow sensor, Aalog: !9 ALkt Ahp§eTVELhEL: alBaResEiP ity
and D2 can break down very quickly and very precisely at
the zener voltage. Thus, if operational amplifier U3
goes highly positive, zener diode D1 will function as a
10 zener diode. However, zener diode D2 will now operate in
its forward direction as a conventional diode and the
drop across it will be approximately 0.6 volt. The
overall effect is that the circuit clamps the output of

operational amplifier U3 at 2.5 volts above the node

15 voltage, which is itself maintained at 2.5 wvolt. Mass
flow sensor circuit 100 thus provides a +2.5 volt 2.4
volt output from operational amplifier U3. 1In essence,
the output voltage is limited from zero to five volts.
In this way, the input of an analog-to-digital converter

20 connected to the output of operational amplifier U3 is
protected and not over-driven.

Resistors R9 and Rl4 of FIGURE 5 are the same as
resistors 50 and 54 of FIGURE 3. Likewise, resistors R12
and R13 are summing resistors that are labeled resistors

25 46 and 48 in FIGURE 3.

Operational amplifier U3 of this invention as shown
in FIGURE 5 thus provides the advantage of limiting the
output 30 of mass flow sensor circuit 100 connected to an
analog-to-digital converter. This is done because the

30 possibility exists that sense elements Ry and Rp and the



3. Likewi se, resistors R12 that are |abeled resistors of this 4av &i as
shown advantage of |limting the <circuit 100 connected to an mﬁiiR sﬂﬁﬁne
because the elenents RU and RD and the 0 6 JAN 2004 29 circuit board

contai ning mass flow sensor circuit 100 nay be two different physical
assenblies. It is therefore conceivablg that the circuit board coul d be
powered up w thout either of sense elerents Ru or RD connected. Sone 5
protection is therefore provided for various conbinations such as upstream
sense el ement Ru connected but downstream sense el enment RD di sconnect ed,

or vice versa, which could introduce sonme very odd voltage swings into the
circuitry. 10 This danger exists when one or the other or both of the

' I t di ted .f th ' it board. I, . th
present | nvefREFGH it RHATES Gt Aot A Sads T G s Grl §GH e e BFY oui t

The 15 i npr geeqd iRsH fHQUit AR 1CIdEdnth 16fe d he M gsentihd fveskd on al so
reduces the non-linearity in the circuitry between the output voltage and
t he shunti ngcrasiestvaisle tdlatnitigt & nhd théwess gpUlsh hramateseddimst ed

variable regiistons (o halange dde Sidaidye 200 Le RANSLEALLYCR0  some
I nsensitive 10 anoien enperature changes that” can ﬁn (0] a? ect prior

art ciBecuitsprigtedia g eserthdridfentd @hrovididd duisalarica raldietheatt seat i s

passed throu%ﬁéﬁxggeﬁggtream sense element Ry connected but downstream
sense element Ry disconnected, or vice versa, which could
introduce some very odd voltage swings into the
circuitry.

10 This danger exists when cone or the other or both of
the sensing elements are disconnected from the circuit
board.

In summary, the present invention provides an
improved mass flow sensor interface circuit. The

15 improved mass flow interface circuit of the present
invention also reduces the non-linearity in the circuitry
between the output veoltage and the shunting resistors,
eliminates the necessity for manually-adjusted variable
resistors to balance the circuit, and is inherently

20 insensitive to ambient temperature changes that can and
do affect prior art circuits. In the present invention,
a precisely contrelled current 1s passed through upstream
and downstream sense elements Ry and Rp that are connected
in series so that current flows first through upstream

25 sense element Ry and then through downstream sense element
Rp. The junction of the two sensing elements is held at
+2.5 volt, resulting in a voltage drop Vy across upstream
sense element Ry that is more positive than +2.5 volts and
a voltage drop Vp across downstream sense element Rp that

30 is less positive than +2.5 volts. Voltages Vy and Vp are




and downstream sense el enents Ru and RD that are connected in ﬂgﬂr'@@ﬁm
that current flows first through upstream 25 sense elenent Ru a t

t hrough downstream sense el enent RD. The junction of the two sensing
elenents is held at +2.5 volt, resulting in a voltage drop Vu across
upstream sense elenent Ru that is norggositive than +2.5 volts and a

vol tage drop VD across downstream sense elenent RD that 30 is | ess positive
than +2.5 volts. Voltages Vu and VD are 0 6 JAN 2004 30 added in the

summ ng node of an operational anplifier U3. The placenent of sense
elements Ru and RD and of a current control resistor Rt is such that the
operational anplifier stages and transistors in the mass flow interface
circuit 5 current control |oop are ensured adequate operating range. The
same +2.5 volt reference voltage source determ nes the measuring current,

t he bias pafifedoint BReS8QRRALRBU , i L wit f. an anal og-t o-
ha Sony ingUhBdE ANl B ut put .OHF\T?US%%O:'UI aln?rg‘?%

digital converter connected t0o the circult hges in
t he ref er ehee RoREEHEnti PE heveenthiemeinter Rgoarfif Rgtawd dheaovarakht

er f or manc e CLEgULt. o Inplicit | he, use of the |ower gain

gnplifier f%ﬂggé?hggg§gg?£tﬁétf%ns%ﬁgl%5§%0§B?QPPﬁFaEbﬁV§#tém iitfH egr eat er

sensi ti vi t gt agels pandr apanbl et g2kN1hS theeehaisR Eh%w”&%%eyinéWEf¥§§fPller
er.

sys&gnl The Present i nvention can be used in a mass flow contro
Various meSstTFdw COREFOL | ePSPeRF 8t ehFuERE afearete Apeass idaw control | er

Sense si anal S bar t ] S of 31 Snea F s Raas oS (UM e R8s MR i cati on
Serial No.d®#3B0Iga 7the | meapuriogycOrrent, the bias point of the
sensor output, and the sensitivity of an analog-to-
digital converter connected to the circuit output. Thus
10 any changes in the reference voltage will have minimal or
no effect on the overall performance of the circuit.
Implicit in the use of the lower gain amplifier U3 is the
fact that an analog-to-digital converter with greater
sensitivity and programmable gain is used in the mass
15 flow controller system.
The present invention can be used in a mass flow
controller. Various mass flow controllers exist on the
market. A mass flow controller may include a )
linearization circuit to aid in linearizing the flow
20 sense signal. Particular reference is made to U.S.
Patent Application Serial No. 09/350,747 filed on July 9,
1999, by T.T. Pattantyus, et al., entitled "System and
Method for Sensor Response Linearization.” A mass flow
controller may also include a derivative controlier that
25 corrects the sensed flow signal to more accurately
approximate the actual flow through the mass flow |
contreoller. Particular reference is made to the
derivative controller disclosed in U.S. Patent
Application Serial No. 09/351,120 filed on July 9, 1999,
30 by E. Vyers, entitled “System and Method for a Digital




1999, by T.T. Pattantyus, et al., entitled "Systemand Metho

o] r
Response Linearization.” A nass flow controller may al so incﬂ%ﬁ ﬂAﬁqm@Q
derivative controller that 25 corrects the sensed flow signal to nore
accurately approxi mate the actual flom1through the mass flow controller.
Particular reference is made to the érlvatlve controll er disclosed in
U S. Patent } Application Serial f351 120 filed on July 9, 1999, 30
by E. Wers, entitled "System and thhod for a Digital 0 5 JAN 2004 31 Mass
Fl ow Controller.” A Pl controller can also be included in a nmass fl ow
controller to generate a valve drive signal to control a valve in the nmass
flow controller. The PI controller can increase the speed of 5 response of

h fl | | ) f th
0, 255 1) UG SRt agPencat R ol ney Jsghtee of e

erence S0 the PI

controll er dipehoged iifh H SasBatfariv Axltreatliean t$£rc_:je&1erel\t|§e DO 3bide 098
filed on July 9, 1999, by E. VWers, 10 entitled "System and Method for a

Vari abl e Gai ﬁrlpeogéeeeénézro CRREGIcA & PRl VEore dieemass 4&k9% . the val ve
drive signal coﬂt?r SEE f1 gyec ! [ r&lo10 ol %ﬂveqmeﬁalsoe vl e fid ¥ e r

circuitry to con sol’énoi d activate erence is nmade to the
val ve drive @espuntseonStd:leGMamcf]Jaw dcit redtlent aé@ldmmémtﬁ‘erﬁcaﬂ aNo.
09/351,111 filed on July 9, 1999, by T.T. Pattan5¥ ent|jt]ed "Method and
System fof DPPRLAGEATSSEERITES SHadhd G Yoty diire kil St Grent  a

cl osed | oop gqghgqt genidm,y Refmhence 1is MR 1 g asivanced digital
controller disclosed in U.S. Patent Application Serial
No. 09/351,098 filed on July 9, 18%9, by E. Vyers,

10 entitled "“System and Method for a Variable Gain
Proportional-Integral (PI} Controller.” Lastly, the
valve drive signal in a mass flow controller can be input
to valve drive circulitry teo control a solenoid activated
valve. Reference is made to the valve drive circuitry

15 disclosed in U.S. Patent Application Serial
No. 09/351,111 filed on July 9, 1985, by T.T. Pattantyus,
entitled “Method and System for Driving a Solenoid.”

Mass flow contxollers can implement a closed loop control
algorithm. Reference is made to the advanced digital

20 contrel algorithm disclosed in U.S. Patent Application
Serial No. 09/350,744 filed on July %, 1999, by K.
Tinsley entitled “System and Method of Operation of a
Digital Mass Flow Controller.” It is important to note
that the present invention is not limited to use in a

25 mass flow controller that includes the components
described above.

Although the present invention has been described in
detail herein with reference to the illustrative
embodiments, it should be understood that the description

30 is by way of example only and is not to be construed in a



20 control algorithmdisclosed in U S. Patent Application Seriflb SAN 2004
09/ 350,744 filed on July 9, 1999, by K Tinsley entitled "System and
Met hod of Operation of a Digital Mass Flow Controller.™ It is inportant to
note that the present invention is not limted to use in a 25 nmass fl ow
controller that includes the conponents described above. Although the
present invention has been described in detail herein with reference to
the illustrative enbodinents, it should be understood that the description
30 is by way of exanple only and is not e be construed in a 0 6 JAN 2004
32 limting sense. It is to be further understood, therefore, that
numer ous changes in the details of the enbodinents of this invention and
addi ti onal eg?odinents of this invention will be apparent to, and may be

p

|
made 5 by, Lohe 8 SERGFnar v “sREI £ RSt RETANEThadRG SteCsrence to this

description. chtrkgogant %Hﬁkahﬁgle&%%][s t@hlan%!é%h inChaR0es rand sadd¢ tirgnal

enbodi ments are within the scope o isTinvention as clainmed below. 0 6
JAN 2004 33 wwhedipeptai médthes invAngiivouiend eddsénsingg amiboreasuntisng nass
flow rate of s to.provide an.output signal proportional to said nmass
flow rate inO%agﬁﬁgsl F%ﬁgégﬁtﬁ6ﬁﬁe§? ggﬁﬁfgggnép’aaﬁpegpgigﬁ ent
sourcesto drbye pakdosir efii brdanaeRsSikkeam ARS$hkl @WrSeRse ngl eBRlrence

el ectrically connected to the precision current source; a downstream nmass

fl ow sense EPefBAf EREELEPEAPRY cditnéét EQTESMPRE tEFs thedmedds sufdhow sense

changes and additional embodiments are within the scope

of this invention as claimed below.



el ement and the precision current source; an operational anpli(igefANOG04
provide the output signal; a reference voltage source electrically
connected to a positive node of the operational anplifier; an upstream
shunting resistor and a downstream shypting resistor sharing a conmon
junction at a negative node of the operational anplifier and electrically
connected in parallel to the upstream and downstream nmass fl ow sense

el ements; a first reference resistor electrically connected between the

r ef er encedf tiy&ledueeel®nd the positive node of the operational
anplifier; and a feedback resistor electrically connected between a
negati ve node and the output of the operational anplifier; and a second
ref erencelresi 8t 6rrotitydiare senshagfaed meamirdge mpesi Siwhaatel ot B gakly

connect edt?e;%%g\ﬁ%et D8 BOShid nggﬂgﬁi'e?:gé‘péﬁ%onQP]?ﬁE@tJaQ@'manpkiév@ qrat%ggn_rhe

junction o upstream and wnst m nmass ow sense el enents.
circuit ob widzd rhldoy vheredlilerhecprecisingn current source further

conprises: a i.ng resj far urj fl of..cur.rent; at |east one
ot her operatigggfééééﬁ%o |§P§%éﬁ¥'§% |?§?§Ot4%¥%§i§€%é %ﬁﬁgﬁfgfogether with the
measuri ng resi shoupstoedn ohadhefldw overofe calletrent teleotighcdlle cearowictpdand O

6 JAN 204 34 d. t i st f i ntai th | t t
Cunction 59 (RE FRECrEART afd=Aotns FPBERT mds PHBFSETL o Parondity. 2575 e

circuit otlehéniun dledusildaelyCdphestdd) BoSitgBalupseoasht n@ss Ng1awpldehser to
control anplitude of the output signal. 4. The circuit of claim1, wherein
t he upst r BAFSHd 2HGWABE rRHA SHRBSCFI RIS ERSECRI ement s have resi st ance

val ues that argn operational amplifier to provide the output signal;

a reference voltage source electrically connected to a
positive node of the operational amplifier;

an upstream sghunting resistor and a downstream shunting
regigstor sharing a common junction at a negative node of the
operational amplifier and electrically connected in parallel to
the upstream and downstream mass flow sense elements;

a first reference resistor electrically connected between
the reference voltage source and the positive node of the
operational amplifier; and

a feedback resistor electrically connected between a
negative node and the output of the operational amplifier; and

a second reference resistor of wvalue of half of a bridge
regigtance electrically connected between the positive node of the
operational amplifier and junction of the upstream and downstream

mass flow sense elements.

2. The circuit of claim 1, wherein the precision current scurce
further comprises:

a measuring resistor for measuring flow of current;

at least one other operational amplifier and a first
transistor that, together with the measuring resistor, control the

flow of current through the circuit; and




tenperature dependent. 5. The circuit of claim1, wherein the gp@%ﬁ@%@pd
downstream nmass flow sense el enents are precision resistors. 6. e
circuit of claim1l1, wherein the upstream and downstream nmass fl ow sense
el enents are electrically conducti vedﬂ' re. 7. The circuit of claiml1,
wherein the output signal is forwarded to an anal og-to-digital converter
wWithin the mass flow controller. 8. The circuit of claim1, wherein the
ref erence voltage source is a +2.5 volt reference voltage source. 9. The
circuit of clafm decaiiser &rangheterpsthodanianet Hawmst r EBf YRS IE oRtsefse

el ement s @ng?@i'o%%%i F% 'aa@nag%aﬁ%&&iﬁ%é&@t&% 1l £4BR L&D MBERALOW Sense

el enent ectrica physi ca upstream of the downstream nmass
fl ow sense elenment. 10. The circuit of claim1l, wherein the first op-anp

resistor _and e third.op-a resistor haye al resistapce val nd
the secoRd op%g?rp ?lers(fuslt%or ohqgs Cga\l}& u{e' e?]%uaﬁt%t%% tﬁg%%%%ﬁ el @ eqsgi%\?lg ent
of the fodbtiditarchihgf ddip DifiaTp toesorsimyrls amPl HeudEN oZ004e 3dutiplit Elignal r cui t
of claim1l, wherein resistance value of the feedback resistor can be

varied to control the gain of the operational anplifier. 12. The circuit

of claimi, wherei 8idcbitanCrAatfd1byvwhéeeid efiRf epserioht age St ean
electrically connected to the positive node of the operational anplifier
creates aM™¥fftuBtov2 sP0E6) t cleBente diaVithe GSFAGERRTE of VA SupREamPafid
downst r eapp eSS urkeabsiMehtof the operational anplifier. 13. A nethod for
sensing and neasuring nass flow rate of a gas to provide an output signal
proportional to said mass flowrate in a mass flow controller with a

circult, gomPriflngircuit of claim 1, wherein the upstream and downstream

mass flow sense elements are precision resistors.

6. The circuit of claim 1, wherein the upstream and downstream

mass flow sense elements are electrically conductive wire.

7. The circuit of c¢laim 1, wherein the output signal is
forwarded to an analog-to-digital converter within the mass flow

controller.

8. The circuit of claim 1, wherein the reference voltage source

is a +2.5 volt reference voltage source.

9. The circuit of c¢laim 1, wherein the upstream and downstream
mass flow sense elements are electrically connected such that the
upstream mass flow sense element is electrically and physically

upstream of the downstream mass flow sense element.

10. The circuit of claim 1, wherein the first op-amp resistor
and the third op-amp resistor have equal resistance values and the
second op-amp resistor has a value egual to the parallel

equivalent of the fourth and fifth op-amp resistors.



providing a precision current to an upstream mass flow sense @IEMAN 280d a
downstream nass fl ow sense el enent; providing the precision current to a
first shunting resistor and a second shunting resistor connected in
parallel to the wupstreamnass flow sgnse el ement and the downstream mass
flow sense elenent; applying a first jJunction signal occurring at the
junction of the first shunting resistor and second shunting resistor to a
negative node of an operational anplifier; providing a reference voltage
froma retéren€eeveirgaget Sbur@@ifo b pBEE¥EIVe ROYESFMCCheVPE aff oftBP

ampl i fiereLDGoNgh AeefddBt EEREMRNCELLES Skl SAIRG! ehdDELURRN € he

reference voltage source and the positive node of the operational

anpl i fi er opgrapvictiapgamp i taidiyack resi st ance between the negative node of
the operational anplifier and an output of the operational anplifier; and
provi di ng an output signal fromthe operational anplifier to at an output
of the cil2uitTh® @itANIi2O0G®E 36144n The wieidedd od OCliasmdPatedersyr ntieep of

i di i Si t t t I I t d
ownst 1 GaFF HEREH ol S8REe SLBRENE 1P DL o ORBTIGEES AEaPl M A Ch B of

current Whbdle acieadisl i digeHa®Sb8ADI ampLofid0l bierddeaf hawtadl cuer entvodkt h at
| east one other operatignal }a{}_ﬁl ifier and a first transistor; and

mai nt ai ni AgUTHRe ¢b1 tHYe APREt}UhcOfortRS PRECIRAN r 88t LAem=H56ALt S€5ftnass

fl ow sensgeg] B SEWMHED He3RE9BHal rampiigtier. 15. The method of claim 13,
further conprising: controlling the gain of the output signal wth a signal

conditioning anplifier.

13. A method for sensing and measuring mass flow rate of a gas
to provide an output signal proportional to said mass flow rate in
a mass flow controller with a circuit, comprising:

providing a precision current to an upstream mass flow sense
element and a downstream mass flow sense element;

providing the precision current to a first shunting resistor
and a second shunting resistor connected in parallel to the
upstream mass flow sense element and the downstream mass flow
sense element;

applying a first junction signal occurring at the junction
of the first shunting resistor and second shunting resistor to a
negative node of an operational amplifier;

providing a reference wvoltage from a reference voltage
source to a positive node of the operational amplifier through a
first reference resistor connected between the reference voltage
gsource and the positive node of the operational amplifier;

providing a feedback resistance between the negative node of
the operational amplifier and an output of the operational
amplifier; and

providing an output signal from the operational amplifier to

at an output of the circuit.

O



16. The nmethod of claim 13, wherein the step of sensing the gas%ﬁnggﬁ mng
rate wth the upstream nmass fl ow sense el enent and the downstréeam nmass

fl ow sense el ement further conprises sensing the nmass flowrate with
upstream and downstream nmass fl ow sen el enents that have resistance
values that are tenperature dependent. 17. The nethod of claim 13, wherein
the step of sensing the gas namss flowrate with the upstream nass fl ow

sense element and the downstream nass fl ow sense el ement further conprises
sensing t k- g&Be meEeaFadowef at 81l h 1dpst FBERTHhd S¥6RNnsPF et PHESK 20l oW

sense el gpROLS Jhaly, GRART It3€ £ §flstQBm! GabSt GAdw %@nsérhélgﬁéﬁl?daﬁé glaim
17, wherern all resistors are 1% precision resistors. 19. The nethod of

cl ai m 13, doiegteieam hasst Elpvofsesepseirmenie §asthameonprdsesate with the
upstr eam mass LLo.senoe ol e Adehbe. dOMNRLLEAMIRess Lout sense

el ement further conprises sensi ng the owrate with the
upstream nmass tbowrasldnsg (che JAI\b@O@# &Ilreleanemtandatt heeglpwnstie eamheEs s

fl I 0. .Th hod of cl
L0 1SSl S Ry R 1S COUR! 6 20 T ot o of claim

anal 0g- t 0- di gi &l nttimieit Q:lheV\lI\id‘lltﬂgbhatI’T&SSjurfdtQWnC@Iﬁt nolel apst2éamThad

nmet hod of .claim 13, wherein the stelo of provl d| n reference voltage from
a ref er enBR"RRIHATMRE% CE% FPPAB S I YEHLEI ¥hkh cﬂf‘ﬁgtﬁm}selfsé%nce vol t age
froma +2.5 volt reference voltage source. 22 The net hod of claim 13,
wherein the step of sensing the gas nass flowrate with the upstream nass
f1 ow sensé®el eFBAtMeAWPS RE <HolThdtr e XY ThEKS PPBYE:E &8 el enent furt her

conprises sensihgrtd¥@ing the gain of the output signal with a signal

conditioning amplifier.

16. The method of claim 13, wherein the step of sensing the gas
mass flow rate with the upstream mass flow sense element and the
downstream mass flow senge element further comprises sensing the
mass flow rate with upstream and downstream mass flow sense
elements that have resistance wvalues that are temperature

dependent.

i7. The method of claim 13, wherein the step of sensing the gas
mass flow rate with the upstream mass flow sense element and the
downstream mass flow gense element further comprises sensing the
gas mass flow rate with upstream and downstream mass flow sense

elements that comprise precision resistors.

18. The method of c¢laim 17, wherein all resistors are 1%

precision resistors.

19. The method of claim 13, wherein the step of sensing the gas
mass flow rate with the upstream mass flow sense element and the
downstream mass flow sense element further comprises step of

sensing the gas mass flow rate with the upstream mass flow sense
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gas flow rate with upstream and downstream mass flow sense el efrntjANt )4
are electrically connected such that the upstream mass fl ow sense el enent
is electrically and physically upstreamof the downstream mass fl ow sense
el enent. 23. The nethod of claim 13, ;yrther conprising providing a

virtual voltage to the junction of the upstream mass flow sense el enent
and downstream nmass fl ow sense el enent. 24. The nethod of claim 13, wherein
the step of providing a feedback resistance between the negative node of

t he oper aelomit amdplthe dlowaatdredre asspURLoYf seneeopbeaeitondiatarsivpEi &
further ggﬁgﬁgéi%% ptoyiding a feedback resistance equal to the resistance
provi ded between the reference voltage source and the positive node of the
operational anplifier. 25. The method of claim 13, further conprising

[ ' f f eed k IS | [
of 'the obbr at FBharCRNE | P Pl otm6 ] ANIODASSac o0 PO BIE) ARy 15,

further ceapsutsi fipreileald Ngh aandlidd-al dgeDiald adnviditenegathve nbdemabst he
operational anplifier wth a bias created by the reference voltage source
el ectricaft9¥ B AELLEH - to the positive node of the operational anplifier.
27. The nethod of claim 13, further conprising: providing a resistance

bet ween the positive node of the operational anplifier and the junction of

t he upstrehm afde dBRRBEE e&f FHSdMf | 1Gw sBHEEine|tifenteeP 287 PREVARt M2 of

claim 27, vherHidd tRe1866P OfF gtk OVh di Agrdren8ST $H2DES: PEiyBRR t NRipRaSKL i Ve
node of the operational anplifier and the junction of the upstream and

downst r eanPmEsisSel| provedtng aelrefienercd uictlifage cHT isseS - pr B91 ©i FRfexence
resistanCﬁoigggeis%ugpgut hal f the bridge resistance between the positive
node of theé )

22. The method of c¢laim 13, wherein the step of sensing the gas
mass flow rate with the upstream mass flow sense element and the
downstream mass flow sense element further comprises sensing the
gas flow rate with upstream and downstream mass flow sense
elements that are electrically connected such that the upstream
mass flow sense element is electrically and physically upstream of

the downstream mass flow sense element.

23. The method of c¢laim 13, further comprising providing a
virtual voltage to the junction of the upstream mass flow sense

element and downstream mass flow sense element.

24. The method of claim 13, wherein the step of providing a
feedback resistance between the negative node of the operational
amplifier and the output of the operational amplifier further
comprises providing a feedback resistance equal to the resistance
provided between the reference voltage source and the positive

node of the operational amplifier.

25. The wmethod of claim 13, further comprising varying the

resistance value of the feedback resistor to control the gain of

the operational amplifier.




operational anplifier and the junction of the upstream and dowlsi rldd2dfss
fl ow sense el enents.

38

26. The method of claim 13, further comprising c¢reating a
virtual ground at the negative node of the operational amplifier
with a bias created by the reference voltage source electrically

connected to the positive node of the operational amplifier.

27. The method of c¢laim 13, £further comprising: providing a
resistance between the positive node of the operational amplifier
and the junction of the upstream and downstream mass flow sense

elements.

28. The method of claim 27, wherein the step of providing a
resistance between the positive node of the operational amplifier
and the junction of the upstream and downstream mass flow zense
elements further comprises providing a resistance that is about
half the bridge resistance between the positive node of the
operational amplifier and the junction of the wupstream and

downstream mass flow sense elements.




